Electricity restructuring has created the opportunity for producers to exercise market power. Oligopolists increase price by distorting output decisions, causing cross-…rm production ine¢ -ciencies. This study estimates the environmental implications of production ine¢ ciencies attributed to market power in the Pennsylvania, New Jersey, and Maryland electricity market. Air pollution fell substantially during 1999, the year in which both electricity restructuring and new environmental regulation took e¤ect. I …nd that strategic …rms reduced their emissions by approximately 20% relative to other …rms and their own historic emissions. Next, I compare observed behavior with estimates of production, and therefore emissions, in a competitive market. According to a model of competitive behavior, changing costs explain approximately two-thirds of the observed pollution reductions. The remaining third can be attributed to …rms exercising market power.
Introduction
The world's largest restructured wholesale electricity market-the Pennsylvania, New Jersey, and Maryland Interconnection (PJM)-opened to competition in 1999. Regulators hoped to spur more e¢ cient production and investment than had resulted under rate-of-return regulation. Electricity markets, however, are especially susceptible to the exercise of market power because they lack demand response and storage capability. 1 In an oligopoly market with perfectly inelastic demand, market power leads to production ine¢ ciencies because dominant …rms reduce production and more expensive competitive fringe production is therefore required. 2 This substitution of power plants has environmental implications. With perfectly inelastic demand, changes in air pollution emissions resulting from the exercise of market power will depend solely on the technologies that dominant …rms use to withhold output in contrast with those that the competitive fringe uses to meet demand. 3 Concurrent with the recent international movement of electricity restructuring, environmental regulators also unleashed market forces by establishing regional and national pollution permit markets. However, the e¤ectiveness of incentive-based environmental regulation can be distorted by the structure of and competition in the polluting markets. Restructuring the PJM electricity market enabled …rms to exhibit anti-competitive behavior in setting high price-cost margins (Mansur, forthcoming) . In this paper, I explore whether this strategic behavior also altered producers' emissions, thereby changing the costs of complying with environmental regulation.
Air pollution from PJM electricity generators fell substantially from 1998 to 1999 when new environmental regulation and electricity restructuring took e¤ect (see Figure 1 ). 4 While overall elec- 1 A number of studies …nd the exercise of market power in England (Wolak and Patrick, 1997; Wolfram, 1998; Wolfram, 1999) , California (Borenstein, Bushnell, and Wolak, 2002; Puller, forthcoming; and Joskow and Kahn, 2002) , New England (Bushnell and Saravia, 2002) , and PJM (Market Monitoring Unit, 2001; Mansur, forthcoming). Consumers are sensitive to electricity prices (Bushnell and Mansur, 2005) . However, the regulatory structure of electricity retail markets has kept the rate that consumers pay more or less constant. Furthermore, few consumers observe or are rewarded for responding to the real-time price of electricity. The derived demand for wholesale electricity is almost completely inelastic because utilities are mandated to provide customers with power at any cost (Borenstein, 2002) . 2 Each …rm produces in a cost-minimizing manner, but dominant …rms optimize by producing where marginal costs equal marginal revenue. This leads to cross-…rm production ine¢ ciencies. 3 This paper focuses on short run e¤ects when consumers' retail prices and producers' abatement technologies are …xed. The structure of the California electricity market suggests, for example, that market power may increase pollution while the PJM market is structured such that pollution will likely decrease. Section 2 elaborates on this point. 4 Annual sulfur dioxide and carbon dioxide emissions from electric utilities fell by 13 and 12%, respectively (Energy tricity production increased slightly to meet growing demand, the set of production technologies also changed. The relative increase in heavy polluters'input costs may explain reduced emissions.
Beginning in 1999, the Ozone Transport Commission (OTC) mandated that Northeastern electricity producers possess tradable permits for summer nitrogen oxides (NO x ) emissions, permits that turned out to be quite expensive. 5 Alternatively, restructuring may have led to market imperfections, including the exercise of market power, that caused production ine¢ ciencies and reduced pollution. 6 This study uses two methods to separate out these e¤ects. First, I use a di¤erence-in-di¤erences model to test changes in …rms'emissions. As a control group, I examine the behavior of New York …rms, which were regulated by the OTC but are not located in PJM. I also compare the emissions of di¤erent …rms in PJM. My …ndings suggest that the two …rms with the most incentive to set high prices (PECO and PPL) reduced emissions substantially, approximately 20 percent, relative to other …rms and their own historic emissions.
Next, in order to determine the implications on aggregate PJM emissions, I compare actual emissions with those of a simulated competitive market. The simulation uses a method developed by Wolfram (1999) and Borenstein, Bushnell, and Wolak (2002) . My estimates of competitive production, which account for environmental regulation, explain approximately 64 percent of actual NO x reductions. The remaining 36 percent can be attributed to …rms exercising market power.
Similar e¤ects are found for emission reductions of sulfur dioxide (SO 2 ) and carbon dioxide (CO 2 ).
These two methods are complimentary in explaining the environmental consequences of strategic behavior. Namely, the exercise of market power by two …rms in the PJM electricity market led to a reduction in emissions. Oligopoly behavior resulted in less pollution in PJM; this behavior accounts for approximately a third of the region's emissions reductions during the summer of 1999.
Information Administration (EIA), Electric Power Annual ). These were the largest reductions in the 1990s for Delaware, Maryland, New Jersey, and Pennsylvania. Annual nitrogen oxides emissions were reduced by 17%, second only to a 22% reduction in 1993. 5 However, states di¤ered in how aggressive their …rms were in abating pollution. For example, Massachusetts …rms increased emissions from 1998 to 1999 (EIA Electric Power Annual ). Sulfur dioxide emissions in the state increased from 98 thousand tons in 1998 to 113 thousand tons in 1999. Nitrogen oxides increased from 33 thousand tons to 41 thousand tons. 6 In addition to market power, ine¢ ciencies could also be caused by non-strategic …rm behavior (e.g., confusing marginal and average costs) or by the market maker, PJM (e.g., ‡aws in the pricing algorithm). However, Mansur (forthcoming) provides empirical evidence supporting the hypothesis that these ine¢ ciencies do stem from the strategic behavior of …rms. Note that the environmental impacts of restructuring hold regardless of why the production e¢ ciencies occurred. This paper studies whether imperfect competition in an output market can a¤ect the environment. I assume a perfectly competitive permit market. While the exercise of market power in a permit market could also a¤ect …rms' emissions, this is not the intent of this study. To my knowledge, no studies have found evidence of market power in the OTC market.
The paper proceeds with Section 2 discussing the environmental implications of imperfect competition. Section 3 describes the environmental regulation and electricity restructuring in the MidAtlantic states. In Section 4, I present the di¤erence-in-di¤erences model and its results. Section 5 reviews the simulation method and provides evidence that restructuring resulted in production ine¢ ciencies leading to emissions reductions in PJM. Section 6 discusses the economic consequences of these pollution reductions. Section 7 o¤ers concluding remarks.
Environmental Implications of Market Structure
Economists have long understood the importance of considering market structure when determining environmental regulation. 7 The problem of regulating a polluting monopoly is a common example of the theory of the second best. Placing a tax equal to the marginal external cost on a monopoly could result in larger welfare losses than ignoring the externality in a perfectly competitive market (Buchanan, 1969) . 8 Determining regulation in a second-best setting becomes more complicated when an imperfectly competitive market includes several producers. Levin (1985) demonstrates that Pigouvian taxes may increase pollution from an oligopolistic industry with asymmetric cost functions. The second-best tax may exceed the marginal external cost, since the market structure leads to production ine¢ ciencies and distorts the total quantity produced (Simpson, 1995) .
Like monopolists, oligopolists distort overall levels of production. However, an additional production substitution e¤ect causes cross-…rm production ine¢ ciencies. Therefore, the pollution implications of a market's competitiveness depend on total production and the technologies employed, which result from several factors: demand elasticity, the distribution of technologies among …rms, and the costs and emissions associated with various technology types. In addition, the exact 7 See Fullerton and Metcalf (2002) for a recent summary of this literature. 8 Buchanan notes that, when emissions depend only on output, an unregulated polluting monopolist may achieve the socially optimal level of output. Asch and Seneca (1976) extend this theory and discuss how many polluting industries are dominated by strategic …rms. As noted by Endres (1978) , Dnes (1981) , and others, when abatement can be achieved by changing technologies, the monopolist will not achieve the …rst best. Nevertheless, understanding the impact of market structure on emissions decisions remains an important empirical question. This paper follows Buchanan's model in exploring the linkage between output decisions and pollution. oligopoly game will determine …rm output.
As previously mentioned, many electricity markets consist of dominant …rms with a competitive fringe facing perfectly inelastic demand. In this case, only technology substitution yields pollution e¤ects. For example, emissions will fall if dominant …rms reduce output from dirty plants and a competitive fringe meets demand using cleaner technology. In general, for this market structure, the environmental consequences of exercising market power depend only upon whether marginal production costs are increasing or decreasing in emission rates, assuming this relationship is monotonic.
When expensive plants pollute more than cheap plants, market power increases emissions, and vice versa. 9 In the case of PJM, strategic …rms will reduce output from coal, natural gas, or oil plants, depending upon the level of demand. Recall that a …rm choosing to exercise market power will restrict output from its marginal "generating unit." 10 When demand ranges from low to medium levels, a strategic …rm will have marginal coal units. Coal units tend to be substantially dirtier and cheaper, even including permit prices, than natural gas units. Therefore, restricting output with coal leads to more production by the fringe's gas units. On net, there will be fewer emissions in PJM than under perfect competition. However, exercising market power in electricity markets could also increase emissions when strategic …rms and fringe producers use the same fuel type; variation in "heat rates" (a measure of e¢ ciency) leads to a positive correlation between marginal costs and emissions rates. Hence, the e¤ect in PJM will depend on the relative size of the across-technology substitution that reduces emissions and the within-technology substitution that increases emissions.
I posit that the across-technology substitution is likely to dominate in many markets, including PJM. However, there are some markets where one would expect to see emissions increase as the result of strategic behavior. 11 9 The environmental impacts will be exacerbated if the dominant …rms are more concentrated in low-cost technology. Mansur (2006) provides a formal model of the environmental implications of imperfect competition.
1 0 Power plants consist of several, independently operating "generating units," each comprised of a boiler, a generator, and a smoke stack. For a given demand level, marginal units are the most expensive units a …rm would operate under perfect competition. 1 1 For example, California generators primarily use hydroelectric, nuclear, and natural gas to produce electricity, dominant …rms'marginal units almost always burn gas. Therefore, …rms opting to exercise market power will do so by restricting output from gas units. As high-cost gas units tend to be older, less e¢ cient, and more polluting, I observe marginal production costs (including pollution permits) increasing in emissions (using data from Borenstein, Bushnell, and Wolak, 2002) . One should expect the exercise of market power to increase pollution when dominant …rms and fringe producers use the same fuel type as in California.
Environmental and Economic Regulation

Environmental Regulations
In the summer of 1999, PJM wholesalers were subject to two incentive-based environmental regulations. One had just been introduced that summer, the OTC tradable permit regulation. In contrast, the Acid Rain Program had been in e¤ect for a number of years but a¤ected a smaller number of power plants at that time. The permit market had a substantial e¤ect on the marginal cost of production for many power plants in the Northeast. When the permit market started, in May of 1999, the permit price was $5244/ton. This increased the marginal costs of some coal plants by 50 percent in comparison to the previous summer's costs. Many in the industry were concerned about …rms 'hoarding'permits and the lack of announced equipment retro…ts. However, the permit prices fell over the summer and reached $1093/ton by mid-September. 13 1 2 The other states were in New England: Connecticut, Massachusetts, New Hampshire, and Rhode Island. Maryland began participating in the trading program in 2000. In addition, Maine, Vermont, northern counties in Virginia, and the District of Columbia were part of the commission but did not partake in the tradable permit regime. Sources may have been constrained by other federal and state environmental regulations. 1 3 Just after the regulatory period the bankable permits traded at $825/ton. Since the …rst summer, the price remained around $1000/ton (see http://www.epa.gov/airmarkets/otc/).
Title IV of the 1990 Clean Air Act Amendments, the Acid Rain Program, established a national tradable permits system for annual SO 2 emissions. As a result, power plant emissions have been reduced to approximately 50 percent of 1980 levels. A …rm can opt to purchase permits, reduce production, switch to low sulfur coal, or install a scrubber. 14 Excess permits can be traded to other …rms or held for future use by banking them. Phase I began in 1995, regulating the 398 dirtiest generating units in the US. In 2000, Phase II brought over 2,300 fossil fuel units into compliance.
The increase in the scope of regulated …rms was accompanied by an increase in permits, while overall, Phase II requires more abatement.
Twenty-three units at ten plants in PJM were regulated by Phase I. Regardless of how these units complied with the regulation, the price of the permit is the opportunity cost of polluting.
During the summer of 1999, the price of these allowances was about $200 per ton. For the median coal unit regulated by Title IV, this corresponds to about three dollars per megawatt-hour (MWh).
The average Phase II unit is cleaner with an expected marginal cost of approximately one dollar per MWh at these prices. 15 
The PJM Electricity Market
In 1998 and 1999, the whole of New Jersey, Delaware and the District of Columbia, the majority of Pennsylvania and Maryland, and part of Virginia comprised the PJM Interconnection market's regulatory bounds. 16 The PJM market required …rms to o¤er bids to supply electricity from each generating unit into a day-ahead uniform-price auction. In 1998, PJM mandated that bids equal marginal costs as determined from years of regulation rate hearings. Mansur (forthcoming) 1 4 Compliance options for SO2 and NOx regulations have few direct economies of scope: for example, switching to low sulfur coal does not lower NOx emissions; scrubbers and SCR are additive technologies that only remove their respective pollutants; and low NOx burners make plants less e¢ cient (thereby increasing the SO2 emissions per MWh). However, …rms may be able to reduce overall abatement costs by complying with multiple pollutant regulations simultaneously. (For example, a …rm could retire a coal plant and build a natural gas plant.) There are scope economies in other environmental regulations: for example, they exist when SO2, NOx and mercury are regulated jointly (Palmer et al., forthcoming) and there are also scope economies between NOx and carbon dioxide (Burtraw et al., 2003) . As with many capital intensive investments, scrubbers and SCR do exhibit some economies of scale and are likely to be placed on larger and newer plants. 1 5 In Phase I, the median heat rate was 10,179 BTU/kWh and the median emissions factor was 2.93 lbs. of SO2/mmBTU. In Phase II, I assume a heat rate of 12,000 BTU/kWh and an emissions factor of 1.2 lbs. of SO2/mmBTU. 1 6 PJM facilitates trade among regulated utilities and independent producers involved in the generation, transmission, and distribution of electricity. In doing so, the wholesale market attempts to lower utilities'costs of providing power to customers. The PJM wholesale electricity market established a new pricing network in 1998 to facilitate inter-utility trading.
measures competitive prices that approximately equal actual prices during the summer of 1998. In April 1999, the market operators restructured the market again by allowing for competition in the wholesale electricity spot market. The Federal Energy Regulatory Commission (FERC) granted most …rms the right to switch from "cost-based" bidding to unregulated, "market-based" bidding.
As discussed below, prices were much greater during the summer of 1999. Figure 2 plots the market supply curve that consists of a mix of nuclear, hydroelectric, coal, natural gas, and oil energy sources. The four largest …rms-Public Service Electric, PECO, GPU, and PPL-account for two thirds of the market's 57,000 megawatts (MW) of capacity and use all these energy sources (see Table 1 ). Nuclear and coal plants provide baseload generation capable of covering most of the demand. Nuclear power comprises 45 percent of generation but only 24 percent of capacity. In contrast, natural gas and oil burning units provide over 35 percent of the market's capacity, yet they operate only during peak demand times. These di¤erences in production result from heterogeneous cost structures. Baseload units have low marginal costs but are expensive to start and slow to increase production. In contrast, the relatively ‡exible peaking units are more expensive to operate.
Emissions rates vary substantially both within and across fuel types. Figure 3 shows the SO 2 emissions rates, which correspond to the units in Figure 2 , using data from the EPA's Continuous Emissions Monitoring System (CEMS). 17 Coal units tend to emit more SO 2 than oil units while natural gas only has trace amounts of SO 2 . Table 2 provides the summary statistics of emissions rates by fuel type. Coal units'average SO 2 emissions rate of 20.3 lbs per MWh is approximately three times that of oil units and vastly higher than gas units. For NO x emissions rates, coal units average 5.8 lbs per MWh. This average is greater than the average for oil or gas but not as dramatically di¤erent as SO 2 rates. CO 2 emissions rates vary the least across fuels or even within fuels. 18 1 7 In order to comply with the 1990 Clean Air Act, fossil-fuel generating electric producers are required to report hourly emissions and electricity production by unit. Regulation a¤ects units of 25 MW capacity plus new units under 25 megawatts that use fuel with a sulfur content greater than 0.05% by weight. CEMS records hourly gross production of electricity, heat input, and emissions of SO2, NOx, and carbon dioxide for most fossil units in the country. During the summers of 1998 and 1999, CEMS monitored 234 units that accounted for over 97 percent of PJM's fossil fuel capacity. Gross generation includes the electricity generated for sales (net generation) as well as the electricity produced to operate that power plant. Typically net generation is approximately 90 to 95 percent of gross generation. I de…ne emissions rates as the ratio of the aggregate summer pollution over the aggregate summer gross generation. CEMS data are highly accurate and comprehensive for most types of fossil units (Joskow and Kahn, 2002) . 1 8 To compare variation in rates within a fuel type, I calculate the coe¢ cient of variation (standard deviation over
In PJM, the large …rms are vertically integrated in generation, transmission, and distribution.
They sell electricity into the wholesale market, but also must procure electricity to sell to retail customers, called "native load." The rate that the …rms can sell to their customers was …xed by regulators. Panel B of Table 1 reports each …rm's market share of capacity, generation, and peak demand of its customers'native load. On average, the generation of two Pennsylvania …rms, PECO and PPL, exceeded their native load. These …rms had the most incentive to set high prices and did reduce output relative to competitive levels (Mansur, forthcoming). Table 3 provides descriptive statistics about demand, electricity prices, and input prices during the summers of 1998 and 1999. While demand rose three percent, the market price was 46 percent higher in 1999. This was, in part, due to higher input prices for oil, natural gas, and SO 2 permits.
The introduction of the OTC NO x trading program had the largest impact on costs.
Firms did not respond to these demand and cost shocks symmetrically. For the summers of 1998 and 1999, Table 4 reports on the aggregate generation of the strategic …rms, PECO and PPL, compared with that of the fringe by fuel type. In 1999, PECO and PPL production dropped for coal and oil generating units. The fringe also reduced output from its coal power plants, while its oil production increased. Either technology or incentive asymmetries could cause …rms to respond di¤erently in 1999. If the strategic …rms owned units with relatively high NO x emissions rates, one might expect the OTC program to have a¤ected these …rms more so than others. Alternatively, the oligopolists may have reduced output in exercising market power.
In order to separate out these explanations, the following sections account for demand and cost shocks in measuring the environmental e¤ects of exercising market power in the PJM wholesale electricity market. The method in Section 4 asks whether the strategic …rms responded di¤erently to OTC regulation than other …rms in their emissions choices. Section 5 then measures the equilibrium implications of imperfect competition.
mean) for each fuel and pollutant. For coal, oil, and gas, the coe¢ cients of variation are 0.45, 1.36, and unde…ned for SO2; 0.50, 0.77, and 0.89 for NOx; and 0.14, 0.26, and 0.15 for CO2, respectively. A possible control group for PJM restructuring is all of the competitive fringe plants in the southern part of PJM (SoP JM i ), consisting of Maryland, Virginia, and Washington, DC. These …rms were not part of the OTC region in 1999, allowing me to pool the April through September months for these plants (AprSept99 t ). 19 An additional control group consists of northern PJM plants (N oP JM i ) regulated by OTC (in New Jersey, Delaware, and Pennsylvania). The oligopolists are both located in northern PJM. In
April of 1999, PJM had restructured but the OTC was not in e¤ect. Therefore, for all northern PJM plants (as well as speci…cally for the oligopoly plants), I can examine the emissions behavior both before (Apr99 t ) and after (M aySept99 t ) the OTC regulation took e¤ect.
For actual NO x emissions (E it ) at plant i and hour t , I estimate a plant-speci…c …xed e¤ects ( i ) model of the form:
where P Gas t ; P Oil t , and P SO2 t are the national or regional spot market prices of natural gas, oil, and SO 2 permits, respectively. Load it is the hourly system load for the market in which plant i is located. The idiosyncratic shocks, " it , are clustered at the plant level to address serial correlation and heteroskedasticity. 20 
Data
The CEMS data provide hourly output and emissions information on most fossil fuel generating I measure fuel prices using spot prices of oil and natural gas while assuming constant coal costs. 21 EIA provides data on the daily spot price of New York Harbor No. 2 heating oil. Natural
Gas Intelligence provided daily natural gas spot prices for Transco Zone 6 non-New York. To calculate SO 2 regulation costs, I use the mean of two monthly price indices of SO 2 permit prices that brokerage …rms Cantor Fitzgerald and Fieldston report to the EPA. Tables 5, 6 , and 7 summarize the results using the di¤erence-in-di¤erences method. For each table, the 1 ; 2 ; 3 ; and 4 parameters in (1) estimate the change in emissions for each control group.
Results
For example, "N oP JM i M aySept99 t " equals one for a plant located in northern PJM (in either NJ, DE, or PA) during the time that both restructuring and the OTC regulation were in e¤ect.
Given the log speci…cation of the dependent variable, each parameter can be interpreted as the average percent change in emissions relative to these plants'1998 summer emissions.
The oligopolists'coe¢ cients, 5 and 6 , estimate the incremental changes in emissions for the oligopolists relative to 3 and 4 , respectively. For example, "
indicates that a plant is owned by an oligopolist (all oligopolists'plants are in N oP JM ), and that restructuring and OTC regulation are in e¤ect. These coe¢ cients indicate how much more the oligopolists reduced their emissions during this period than fringe …rms, relative to their previous emissions. Table 5 reports the main …ndings of the impact of restructuring and the OTC NO x regulation on the log of NO x emissions (in pounds). The …rst column shows the results of a regression with only plant …xed e¤ects and the plant group variables (i.e., those variables in (1) with coe¢ cients).
Firms in New York did not signi…cantly change their plants'emissions from the summer of 1998 to the summer of 1999. Also, plants in the PJM region but outside of the OTC regulation (SoP JM ) did not change their emissions signi…cantly. However, the fringe …rms in New Jersey, Delaware, and Pennsylvania (N oP JM ) did reduce emissions both before and after the OTC regulation.
The treatment group behaved di¤erently than the various control groups. Namely, after the OTC regulation, the oligopolists (PECO and PPL) reduced NO x emissions substantially more than did …rms in other groups. The 6 parameter from (1) equals -0.214 (and is signi…cant at the …ve percent level). This coe¢ cient implies that these …rms reduced emissions by approximately 20 percent relative to their historic emissions and the response of other northern PJM plants.
Column (1) does not account for the changes in market conditions mentioned above, such as the three percent increase in PJM demand. These market conditions are accounted for in Columns (2), (3), and (4). Column (2), which includes ln(Load), reports that New York …rms did, in fact, reduce emissions given the new OTC regulation. Emissions fell by approximately 15 percent over the two summers. Southern PJM fringe …rms reduced emissions by 20 percent but these reductions are only weakly signi…cant (i.e., signi…cant at the 10 percent level). 22 Controlling for demand, the emissions of northern PJM fringe …rms in April 1999 were not signi…cantly di¤erent from those of the previous summer. However, after the OTC took e¤ect, they reduced emissions by 34 percent.
PECO and PPL may have reduced emissions even in the …rst month following restructuring, but the large standard errors preclude such a …nding. 23 Once the OTC regulation was binding, the oligopolists reduced emissions by approximately 20 percent more than any other group. 24 The results of Column (2) are robust to several other model speci…cations. Column (3) includes control variables for changes in input prices. Column (4) includes these input price variables and tests the functional form assumption on the log of load by modeling it as a piece-wise linear spline (split by quintile). Column (5) constrains the behavior of northern PJM …rms ( 3 = 4 ) and oligopolist …rms ( 5 = 6 ) to be the same before and after the OTC regulation. Again, strategic …rms'emissions reductions are signi…cantly greater in magnitude than other …rms. As the model shown in Column (4) is the most ‡exible, I consider it to be the main model. In the appendix, I …nd these results to be robust to several alternative speci…cations of the variables and error structure. Table 6 examines whether these results di¤er by fuel type and plant size. The model from Table   5 , Column (4), is applied to just the coal-…red power plants and then to only the big coal plants. 25 Gas and oil plants are also examined in a similar manner. 26 After the OTC regulation began, all OTC regulated …rms emitted less from coal plants. In addition, the oligopolists reduced emissions from oil plants signi…cantly more so than did the control groups. 27 In contrast, the emissions from northern PJM fringe big oil plants (and from New York big gas plants) increased substantially from 1998 to 1999.
2 2 Baltimore Gas & Electric installed NOx abatement technology at a few plants in 1999. It installed oven …red air controls at two boilers at its C.P. Crane plant. It also installed low NOx burners at a boiler in its Gould Street plant and in a boiler at its H.A. Wagner plant. This is based on EIA Form 767. These investments were probably in preparation of being regulated by the OTC in the coming years. 2 3 April 1999 was the …rst month after PJM was restructured. If …rms required time to learn the rules of the market and their competitors' behavior, then this month may exhibit less market power. Borenstein, Bushnell, and Wolak (2002) exclude the …rst month after California was restructured due to oddities in the new electricity market. 2 4 In addition to the signi…cance of 6 , a Wald test implies that the oligopolists were also signi…cantly di¤erent from the New York …rms after the OTC (F = 16.99, Prob = 0.0001).
The di¤erence in emissions at peaking plants (i.e., oil and gas plants) between the oligopolists and fringe …rms is consistent with strategic behavior. Recall that demand is perfectly inelastic so if some plants-controlled by strategic …rms-produce less, others must produce more. While this will be true of coal plants as well, they have lower costs (making them inframarginal in many hours) and reductions may be less transparent, on average. Table 7 reports changes in other pollutants (SO 2 and CO 2 ) and in electricity output. For comparison, the …rst column repeats the main results of Table 5 , Column (4). Column (2) of Table   7 shows that the oligopolists reduced SO 2 emissions (in pounds) by over 20 percent after the OTC regulation began, relative to the control groups. However, the e¤ect is only weakly signi…cant. No other groups changed behavior signi…cantly from their 1998 emissions.
In Columns (3) and (4) of Table 7 , CO 2 emissions (in tons) and electricity output (in MWh) did not change for New York …rms after the start of the OTC regulation. In contrast, all northern PJM …rms reduced both CO 2 emissions and output after the introduction of the OTC regulation.
While the coe¢ cients on oligopolists'CO 2 emissions and output (relative to other northern PJM …rms) are negative after the OTC, they are imprecisely estimated (they are weakly signi…cant and insigni…cant at the 10 percent level, respectively).
The results of Tables 5-7 correct for serial correlation and heteroskedasticity by clustering the errors at the plant level. An alternative and equally plausible method is to calculate Newey-West standard errors. The coe¢ cients remain the same as in Column (4) of Table 7 , but the standard error on 6 , assuming a six hour lag structure, is only 0.019. With this speci…cation, the oligopoly coe¢ cient is highly signi…cant. (This is also the case for the other columns in Table 7 
Simulation of a Competitive Market' s Emissions
This section measures the environmental implications of strategic behavior in the PJM wholesale electricity market using a simulation model of competitive behavior. For both the summer of 1998 and the summer of 1999, I compare observed emissions of pollutant j (E j ) with emissions from a model of perfectly competitive behavior (E j ). For each summer, I calculate the change in SO 2 , NO x , and CO 2 emissions: E j E j .
The environmental implications of …rms exercising market power will depend on the reduced emissions from strategic …rms and the increased emissions from the fringe …rms in PJM. To measure this e¤ect, I use CEMS data on observed emissions (E ijt ) for unit i, pollutant j, and hour t . For each unit i, pollutant j, and hour t, the counterfactual competitive emissions are calculated as the product of the emissions rate (r ij ) of unit i and its output in a competitive market (q it ).
Furthermore, as strategic behavior increases prices and reduces generation in PJM, net imports (namely, imports net of exports) will increase relative to the competitive counterfactual. Net imports (q imp t ) are a function of price, either actual (p t ) or the competitive simulation (p t ). In a given hour t, the change in emissions from net imports equals the emissions rate of import supply (r imp jt ) times the change in imports (q imp t
Summing over the T hours and N units in a given summer, the total environmental e¤ect of …rms exercising market power in the PJM electricity market can be written as the change in emissions by PJM …rms plus the change in emissions associated with imports: For each hour t, the model solves for the equilibrium price of a competitive market. Electricity is supplied by some technologies that are capable of responding to prices like fossil units (q f t ). Other technologies, like hydroelectric (q h t ) and nuclear generation (q n t ), are assumed not to respond to prices. The residual demand that …rms in PJM face is equal to the market demand (q t ), which is perfectly elastic, minus the production from importers (net of exports) into PJM (q imp t ). The equilibrium price, p t , is such that the amount supplied equals the amount demanded:
The supply curve of net imports is written as a function of actual price (p t ):
where P eak t indicates hours between 11 AM and 8 PM on weekdays and X t is a vector of temperature and indicator variables.
biased …ring alternate burners at two boilers at its Eddystone plant and low NOx burners at two other boilers at the same plant. The investments of Baltimore Gas & Electric are mentioned in footnote 22. This is based on EIA Form 767. 2 9 The EPA compiles data on electricity generators in the Egrid data set. Egrid includes data on the annual average emissions rate of SO2, NOx, and CO2 for each power plant in the US. For the plants in PJM, I calculate the change in plant emissions rates from 1998 to 1999 and regress annual emissions rates during 1998 and 1999 on plant …xed e¤ects and an indicator of 1999. Changes in emissions rates from technological adoption are decided jointly at the level of the …rm. Therefore, the standard errors were corrected for common shocks within a utility using Stata's cluster command. Rates were lower in 1999 but none of the changes were signi…cant at the …ve percent level. SO2 rates fell 0.761 lbs per MWh (with a standard error of 0.528), NOx rates fell 0.742 lbs per MWh (1.096), and CO2 fell 0.057 tons per MWh (0.066).
3 0 The emissions rates are equal to the total summer emissions divided by the total summer gross generation. These CEMS rates are merged, by unit, with the competitive simulation model. The simulation uses data on heat rate, fuel type, capacity, and another set of emissions rates from the PROSYM model (Kahn, 2000) . The identi…cation of the units in CEMS and PROSYM did not match for many units. Given the matching problems, I use the average of the emissions rates when a unit is in both data sets. For units with only one set of emissions, only that rate is used.
The fossil units are modeled as producing at capacity (K i ) whenever price equals, or exceeds, its marginal cost (c it ). Marginal costs are a function of daily input prices for fuels (W 
Whenever a …rm attempts to generate using unit i, there is some probability, f i , that the unit will not be able to operate. 31 The model accounts for these outages by using Monte Carlo simulations. For each hour in the sample, outages are simulated by drawing it from a [0; 1] uniform distribution. If it is less than f i , the unit cannot operate. Therefore, the fossil unit production in a competitive model is:
A competitive price and output for each unit are calculated for each hour and Monte Carlo simulation. A unit's hourly production, q it , equals the mean of 100 simulation draws.
Emissions from Imports
When PJM …rms exercise market power, generating units throughout the Eastern grid must produce more to satisfy PJM demand. This section estimates the emissions associated with the import supply curve. I calculate the correlation during the summer of 1999 between PJM net imports and production throughout the East. Production data are gathered from CEMS for every generating unit in the Eastern grid but not in PJM. 32 The …rms owning these units make production decisions based on prices in PJM and their local areas outside of PJM. I use temperature variables to proxy for local prices in other regions. The correlation between a unit's production and total PJM imports is directly examined rather than measuring the impact of PJM price on a unit's production and then imposing that prices a¤ect the aggregate production of …rms exactly the same as they a¤ect measured imports. For each unit i not in PJM, the following equation is estimated:
where q it is hourly production, q imp t is PJM imports (net of exports), and T it is the unit i's state daily mean temperature. 33 The estimated b i coe¢ cients are calibrated to sum to one, imposing that the total change in imports equals the total change in production outside of PJM:
where M is the sample of units in the Eastern grid not in PJM. The implied emissions from imports equal q
e i r ij ); where r ij is the emissions rate for unit i and pollutant j. Estimates of imports in the competitive scenario are measured in Mansur (forthcoming). 34 Over the summer of 1999, actual imports were greater than those predicted by the competitive model by a total of 463,587 MWh. 3 3 Firms' production decisions will certainly depend on factors beyond temperature. This is particularly true for those …rms in other restructured electricity markets, such as New England. However, the intent of this exercise is to calculate a simple 'back of the envelope'approximation for the many power plants in the Eastern grid. 3 4 The simulation of competitive imports results from actual prices (pt) exceeding the competitive price estimates (p t ). For these hours, the competitive imports would be less than actual imports by the amount l [ln(p) ln(p )] where l is estimated in Mansur (forthcoming) and di¤ers by l for peak and o¤-peak hours.
Results
Actual and simulated emissions may di¤er because of production complexities that the simulation does not take into account. 35 I assume that these di¤erences do not change over time.
In addition, strategic behavior increases imports relative to a competitive model. This results in more pollution in other areas. I use CEMS data on r ij and the e i to calculate the increased emissions from imperfectly competitive behavior in PJM for the summer of 1999. I …nd that importing regions increased emissions only slightly (about 0.5 percent of PJM's actual emissions). 36 As these emissions would not have occurred in a competitive market, I subtract them from the competitive estimates.
The changes in competitive estimates are between a half and two thirds of the changes in actual emissions. These estimates account for the emissions from imports. The competitive estimates predict a reduction of nine, 13, and six percent for SO 2 , NO x , and CO 2 emissions, respectively. I attribute the di¤erence between these percentages (six, eight, and three percent, respectively) to market imperfections such as …rms setting prices. 37 Table 9 examines the changes in PJM emissions by month. For each month, I examine the di¤erence between the actual emissions and simulated counterfactual emissions. Relative to the monthly di¤erences in 1998, SO 2 emissions were lower in all months of the summer of 1999. This is also the case for all of the months for NO x emissions and half of the months for CO 2 emissions.
In particular, April and July saw large reductions from the competitive model (relative to those months in 1998) for all pollutants.
The …ndings of Tables 8 and 9 suggest that, of the observed reduction in SO 2 emissions from 1998 to 1999, 42 percent resulted from market imperfections. For NO x emissions, I attribute 36 percent of the actual reduction to imperfections. Finally, for CO 2 emissions, 33 percent of the actual reductions are attributed to strategic behavior and other market imperfections. These results are robust to alternative measures of emissions rates. 38 
Discussion of Environmental Implications
This section discusses the environmental implications of restructuring. In particular, I determine the value of the pollution reductions that resulted from …rms exercising market power in PJM.
Under tradable permit systems, production distortions cannot a¤ect aggregate emissions. These systems place system-wide caps on the total amount of pollution emitted. The …rms can trade permits for the right to pollute so long as the total cap is not exceeded. Reducing demand for permits in one part of the system allows for increased pollution elsewhere. Although aggregate emissions will be una¤ected, the distribution of pollution may change as a result of …rms exercising market power. This emission distribution could be of potential importance if environmental and health damages depend on spatial and temporal factors. 39 However, if the imports came from outside of the OTC region, such as from Ohio, then exercising market power would increase the overall NO x emissions. Any emissions reduction in Delaware, New Jersey, or Pennsylvania will be o¤set by increases within the OTC region, either across space or time, due to the trading and banking nature of the pollution cap. Thus, importing electricity from Ohio will result in even more emissions. This may not be the case for SO 2 , as only some …rms were regulated by Phase I, or for unregulated CO 2 .
Even if no health or environmental e¤ects resulted from restructuring the PJM electricity market, the reduction in emissions by PJM …rms has economic e¤ects. Since less pollution occurred in PJM, there are temporarily more unused permits available. Firms elsewhere in the OTC tradable permit market, like in New York, can now purchase these permits. The total pollution level will be the same in equilibrium, but now the …rm in New York no longer needs to install expensive abatement technology as it would have done without the excess permits from PJM. In other words, society forgoes expenditures on abatement technology, reducing the overall cost associated with complying with environmental regulation.
In order to measure the economic consequences of the pollution reductions, I make the following assumptions. I assume that the SO 2 and NO x permit markets are competitive, implying that the than the PROSYM rates. When using only the units with PROSYM rates, the percentage share of the emissions reductions that I attribute to strategic behavior is greater for SO2 (53.8%), smaller for NOx (10.4%), and similar for CO2 (36.8%). As using only the units with PROSYM rates places more weight on the matching of the units, these …ndings are not highlighted as the main results. 3 9 However, the issue of distributional e¤ects is one of the optimal size of a permit system's region.
permit prices accurately re ‡ect the marginal cost to society of abating pollution. Furthermore, I assume that permit prices are exogenous to …rm behavior. I also assume that the permit price re ‡ects the marginal damages to society. If a …rm not under a cap and trade permit system changes its emissions, then society values changes at the permit price. Finally, this paper does not put a monetary value on the CO 2 reductions. The value of SO 2 and NO x emission reductions equals the permit prices times the amount of pollution that is reduced.
These assumptions lead to the following welfare implications. In the summer of 1999, I estimate that actual SO 2 emissions were 41,883 tons below my competitive estimates. This amount equals less than one percent of the total reductions mandated by the Clean Air Act Amendments. Multiplying daily SO 2 permit prices and emission reductions and aggregating over days yields a value of $10.4 million. That summer's NO x emissions were 26,024 tons below my competitive estimates.
This amount equals about a third of the system's mandated reductions and corresponds to $30.0 million. Therefore, over a single summer, the total value of reduced pollution in PJM is $40.4
million.
While market power may have resulted in welfare gains because of reduced pollution, it is important to keep in mind that the overall welfare e¤ects of exercising market power are negative and much larger. Even accounting for these environmental gains, Mansur (2005) estimates that the deadweight loss from strategic behavior in PJM during the summer of 1999 was $137 million.
Ignoring any responsiveness of permit prices to PJM …rm behavior will lead to estimates that overstate welfare losses and understate compliance cost savings. To in ‡uence permit prices, …rms need to be relatively large in comparison to the permit market. PJM …rms have historically emitted a substantial 68 percent of the NO x emissions in the OTC market. The two …rms that likely exercised market power, PECO and PPL, account for 14 percent of the OTC region's emissions.
These strategic …rms may be capable of a¤ecting the NO x permit price, depending on the price elasticity of abatement. 40 Mansur (2006) examines how NO x permit prices respond to market power in the PJM electricity market and quanti…es the welfare impacts of policy choices.
Conclusions
In the summer of 1999, …rms in the PJM wholesale electricity industry exercised market power attribute 36 and 33 percent of the reductions, respectively, to strategic behavior.
From a policy perspective, these emission reductions have both environmental and cost implications. In the case of CO 2 ; which does not have a cap limiting total emissions, these …ndings imply lower environmental damages. When pollution markets exist, these …ndings imply lower costs of abatement for …rms overall. Since less NO x pollution occurred in PJM, to clear the market the extra permits from PJM will be sold at a lower price to …rms elsewhere in the OTC tradable permit market. The total pollution level will be the same in equilibrium, however, now …rms in New England and New York no longer need to abate as much as they would have done without the excess permits from PJM. For example, these …rms may forgo installing expensive abatement technology. For SO 2 , Phase I of the Acid Rain Program capped total pollution only for some power plants. Therefore, market power may reduce both SO 2 pollution in PJM and permit prices. While greater emissions from imports could potentially reduce or even reverse these pollution e¤ects, I
…nd the additional pollution from imports to be quite small. I conclude that, holding prices …xed, the reduced demand for NO x and SO 2 permits resulted in compliance cost savings of $40 million.
These savings are small relative to the overall welfare losses that result from the exercise of market power (Mansur, 2005) .
Appendix
This appendix reports the robustness checks of the main model results shown in Table 5 , Column (4). The input price and load variables are likely to have di¤erent impacts on di¤erent types of power plants. I interact each of the covariates in Table 5 , Column (4) Finally, I test the error structure assumptions. Clustering at the …rm level, under the assumption that a …rm chooses all of its plants'production jointly, results in similar standard errors as in Column (4) and all of the variables subject to the OTC regulation are signi…cant at the …ve percent level.
I also compute the Newey-West standard errors for Column (4), assuming a six hour lag structure, and reach similar conclusions. Finally, the main results are robust to a generalized least squares AR(1) model using the Prais-Winsten method. Notes: * indicates significance at 5% (# at 10%). Plant fixed effects are not shown. Standard errors are clustered by plant. In columns (4) and (5), the log of load is a five-piece spline function. The variables are: ⋅ MaySept99 indicating that the OTC NO x regulation was in effect (for NY, NJ, PA, and DE); ⋅ AprSept99 indicating that the PJM market was restructured (starting April 1, 1999 , in all states but NY); ⋅ Apr99 indicating that the PJM market was restructured but the OTC regulation was not yet in effect; ⋅ SoPJM includes plants in MD, VA, and DC where the OTC regulation did not apply in 1999; ⋅ NoPJM includes plants in NJ, DE, and PA; and Olig includes the oligopolists, PECO and PPL. Most variables are exclusive with the exception of the oligopoly variables. E.g., "Olig * NoPJM * MaySept99" indicates that a plant is owned by an oligopolist (all oligopolists' plants are in NoPJM), and that restructuring and OTC regulation are in effect. The coefficient is the percent change relative to both (1) those plants' 1998 emissions and (2) the percent change by other firms in NoPJM * MaySept99. Notes: * indicates significance at 5% (# at 10%). Standard errors are clustered by plant. All regressions include plant fixed effects, the log of the prices of natural gas, oil, and SO 2 permits, and a five-piece spline function of the log of load. In columns (2), (4), and (6), "Big" refers to those plants with capacity greater than the fuel category's median capacity. See Table 5 for variable descriptions. Notes: * indicates significance at 5% (# at 10%). Standard errors are clustered by plant. All regressions include plant fixed effects, the log of the prices of natural gas, oil, and SO 2 permits, and a five-piece spline function of the log of load. See Table 5 for variable descriptions. Notes: Had PJM been competitive, where competitive prices are below actual prices, firms would have imported less into PJM than they actually did. The corresponding changes in emissions are calculated for the summer of 1999. The summer of 1998 is assumed to be competitive. The total competitive estimates equal the sum of the competitive estimates in PJM and the change in the emissions from imports. The difference equals the total competitive estimates minus actual emissions. The percent difference is the ratio of this difference over actual emissions. 
